Recently observations of Gravitational Waves (GW) generated by black-hole collisions have opened a new window to explore the universe in diverse scales. It is expected that in the following years be possible the detection of primordial gravitational waves. However this formalism is developed for weak gravitational waves, when the dynamics of the waves can be linearized. In this work we develop a non-perturbative formalism to describe GW using the Unified Spinor Fields (USF) theory. The tensor index is calculated and we obtain that this must be n T = 0 in order to the + and × polarisations modes can take the same spectrum. This impose some restriction on the constant of self-interaction ξ of the fermionic source. We obtain that the amplitude of the signals today must be ∼ 10 −112 times more weak than the amplitude generated during inflation, which is of the order of ∆ GW | Inf l ≃ 10
I. INTRODUCTION AND MOTIVATION
Gravitational waves were predicted close to 100 years ago by A. Einstein in the framework of his theory of General Relativity (GR) [1] , and revisited by him with N. Rosen twenty years later [2] . In the last few years, Advanced LIGO has opened a new era in the modern astrophysical research [3] , when detected gravitational waves (GW), coming from collisions of pairs of black-holes. It is expected that in the future, new detectors like LISA, can measure GW emitted during the early universe [4] , in particular, when the universe suffered a quasiexponential expansion during inflation. A general prediction of cosmological inflation [5] is the generation of a stochastic background of primordial gravitational waves (GW) [6] . Its detection would be of great importance for the understanding and corroborating of inflation during the early phase of the expansion of the universe [7] . Under the standard model of cosmology plus the theory of inflation, it is very natural to predict the existence of the GW with respect to the background geometry of the universe. In the standard single-field, slow-roll inflationary scenario the tensor fluctuations of the metric are characterized by a nearly scale-invariant power-spectrum on super-Hubble scales. The amplitude of GW signal is described by the tensor-to-scalar ratio r, defined as the ratio between the tensor and the scalar power-spectrum amplitudes at a given wave-number k = k * ≃ 0.05 Mpc −1 , assuming r = −8n T , where n T is the tensor spectral index.
However, the existence of a background Riemannian geometry should be explained from a more fundamental basis. In a recent work [8] some of the authors of this work have proposed an unified spinor field (USF) formalism in order to describe non-background relativistic systems which are quantum mechanical in nature. This is a non-perturbative theory of unification for quantised spinor fields on extended manifolds, taking into account the selfinteractions of the spinor fields. Each component of spinŜ µ , is defined as the momentum corresponding to the inner dimensionΦ µ , such that one can define an universal bi-vectorial
The description of a non-perturbative description for GW in this formalism is a nontrivial issue. In this work we develop the dynamics for GW on an extended manifold characterized by the spinor fields componentsΨ µ . This theory is described y Sect. II. With the aim to illustrate the theory, we describe the dynamics of GW in a model of inflation. This is done in Sect. III. Finally, in Sect. IV we conclude with some final comments.
In order for describe tensor metric fluctuations that describes an wave dynamics on the extended manifold (with respecto to the Riemannian one), defined by the connection
In the connections (1), it is clear thatδ
Here,Ψ α are the components of an operator spinor field which could describe bosons or fermions, depending on the algebra complied by them, and g βγ are the components of the covariant tensor metric. It is expected that the expectation value of the quantum displacement of the extended manifold with respect to the classical Riemannian background, which is described by the Levi-Civita symbols in (1), to be null: B δ Γ α βγ B = 0.
A. DYNAMICS OF SPINOR FIELDS REVISITED
The variation of the extended Ricci tensor δR α βγα = δR βγ : δR βγ = δΓ
whereÛ βγ , andV βγ are the symmetric and antisymmetric parts ofδR βγ [8] :
1 where δΓ α βα γ denotes the covariant derivative of δΓ α βα , given by (2), on the extended manifold, with self-interactions included.
The antisymmetric tensorδR
Now we can introduce the varied Einstein tensor on the extended manifold [8] :
g βγÛ , whereÛ = g αβÛ αβ :
After some algebra, we obtain the antisymmetric tensors [8] 
such that the symmetric tensorδG βγ , with the antisymmetric onesN βγ andM βγ . The spinor fields, must be conserved on the extended Weylian manifold:
Taking into account the gauge-transformations:δ G αβ =δ G αβ − g αβΛ [8] , we obtain that
B. Gravitational waves from USF
In order to describe GW, we shall propose the existence of a 2-range quantum operator
where, as can be demonstrated [8] , the variation on the extended manifold (1), of the Ricci tensor isδ
whereΛ is given byΛ
and takes into account the source of the gravitational waves. The expectation values ofδR µν andΛ (on the Riemannian background), are
where we have used the fact that B ∇ αΨ α B = 0. Because can be demonstrated that
where κ = 8πG/c 4 . The variation of the stress tensorδT µν with respect to the background,
such that the Lagrangian density is given byL = 2 3κΛ
. Therefore, the stress tensor must be written as
Therefore, the equation for gravitational waves is
whereδT αβ given by (20). We are interested in the study of gravitational waves produced during inflation. In that case we must to adopt a co-moving frame withÛ 0 |B = I 4×4 |B and U j |B = 0. The componentsδh 0j in (18) describes the evolution of electromagnetic waves produced by photons, but the componentsδh ij describes gravitational waves produced by gravitons. The TT (Transverse-Traceless) components of these waves:
have a dynamics governed by the equations
Finally, the expectation values of the source terms in the wave equations, are
which is due exclusively by a fermionic contribution, because fermions comply with the quantization algebra[8]
Therefore, the expectation value for the source term in the wave equation (19), is
The factor η g takes into account the ratio between the determinants of tensor metrics in a Minkowski metric: η, and in a generic metric: g. Furthermore, the factor s 2 2 takes into account the spin of the fermions of the source.
III. GW DURING INFLATION
To explore the model we shall consider a de Sitter (inflationary) expansion, where the background spacetime is described by the line element
where τ , that runs from −∞ to zero, is the conformal time of the universe, which is considered as spatially flat, isotropic and homogeneous. If the expansion is governed by the inflaton field ϕ, and it is non-minimally coupled to gravity, the universe can be described by the action
where
. In a de Sitter expansion the scale factor of the universe is
, and the scalar potential is a constant V (ϕ) = . Furthermore, the kinetic component of L ϕ is zero, so that ϕ(τ ) = ϕ 0 . Now, we must calculate the equation of motion for GW (19), during inflation. The ij-components of B δ h ij B ≡h ij , can be expanded as
where +, × denote the polarisation states in the Transverse-Traceless (TT) gauge, defined
For (n) ǫ 00 = 0, the polarization tensor is transverse: k i (n) ǫ ji = 0 to the propagation of the wave characterized by the wavenumber components k i . Accounting for h = 0 and
The creation and destruction operators comply
By imposing that
2 In this paper we shall consider the Weyl basis, which, in Minkowski spacetime, is:
Here, the Pauli matrices are
The basis on the metric (24) isγ µ = a −1 γ µ . They comply with the Clifford algebrā
we obtain the following differential equation for the time dependent modes, for a de Sitter expansion:
where the Hubble parameter in a de Sitter expansion is a constant H, k µ = (ω, k j ) and
. The case i = j describes the modes with polarisation ×. Notice that in this case the right hand of Eq. (31) cancels, so that the solution for the modes × must be a particular one of the modes with +-polarisation. We must suppose that the spectrum of modes + and × should be the same, with identic spectral indices. If we impose the normalization condition for the modes θ k (τ ):
we obtain the solution for the Eq. (31)
GeV is the Planck mass,
ν [ζ(τ )] is the second kind Hankel function with argument ζ(τ ) = k τ , and parameter
such that, due to the fact that the tensor index is given by n T = 3 − 2ν [7] , we obtain
If we require that both polarisation spectrums (i.e., + and ×) to be the same, they must satisfy the condition
3 We use the Dirac functions representation on the background spacetime (24)
which implies that, if this supposition were correct, n T would not depend on the coupling ξ of primordial fermion fields, or the spin s of the fermion sources on cosmological scales. As can be demonstrated, the amplitude of gravitational waves is
which, during inflation would be very of the order (for H ≃ 10
but the present day value should be (for H 0 ≃ 10
where suffix 0 indicates the today's value. It means that the present day value, ∆ GW | 0 , is 10 −112 orders of magnitude smaller than of the value during inflation. Finally, it is important to notice that the ∆ GW | 0 -decay is the same than of the cosmological constant Λ since the origin of the universe, and the inverse of the increasing of entropy since the big-bang [9] , at the Planck epoch.
IV. FINAL COMMENTS
Following the unified spinor field theory recently introduced, we have studied the production of GW during inflation. This is an important issue that should be tested in the next years and could, if were confirmed, provide new and relevant information about the early stages of the inflationary expansion of the universe. Under the ansatz that the spectrums for the + and × modes are the same, we have obtained the coupling value of the fermion source on cosmological scales. The scale invariant value, n T = 0, here obtained, agrees very well with values obtained using slow-roll parameters ǫ and η [10] , and other models as bouncing cosmology [11] [12] . However, in our work, we have used direct calculations in order to obtain a scale invariant spectrum for both polarisations. In order to estimate the wavelengths of GW emitted during inflation, we must consider regions of size around 10 3 times (or biggest than) the size of the horizon at the end of inflation, when the universe suffered an expansion
close to e 60 times 1/H, i.e.
λ Inf ≥ 10 −28 e 60 10 3 ≃ 10 cm.
This means that GW should be with wavelengths larger than 10 cm. These wavelengths range would be detected by LISA (Laser Interferometer Space Antenna) in the future, when NASA/ESA launch three satellites into orbits to form an equilateral triangle with a distance of 5 × 10 6 kilometers between each spacecraft.
